The human gastrointestinal (GI) tract microbiota acts like a virtual organ and is suggested to be of great importance in human energy balance and weight control. This study included 40 monozygotic (MZ) twin pairs to investigate the influence of the human genotype on GI microbiota structure as well as microbial signatures for differences in body mass index (BMI). Phylogenetic microarraying based on 16S rRNA genes demonstrated that MZ twins have more similar microbiotas compared with unrelated subjects (Po0.001), which allowed the identification of 35 genus-like microbial groups that are more conserved between MZ twins. Half of the twin pairs were selected on discordance in terms of BMI, which revealed an inverse correlation between Clostridium cluster IV diversity and BMI. Furthermore, relatives of Eubacterium ventriosum and Roseburia intestinalis were positively correlated to BMI differences, and relatives of Oscillospira guillermondii were negatively correlated to BMI differences. Lower BMI was associated with a more abundant network of primary fiber degraders, while a network of butyrate producers was more prominent in subjects with higher BMI. Combined with higher butyrate and valerate contents in the fecal matter of higher BMI subjects, the difference in microbial networks suggests a shift in fermentation patterns at the end of the colon, which could affect human energy homeostasis.
Introduction
The microbial cells inside the human gastrointestinal (GI) tract are collectively called the GI microbiota and provide an extensive genetic function counterpart to the host genome (Savage, 1977; Albert et al., 1980; Adlercreutz et al., 1984; Ramotar et al., 1984; Cummings and Macfarlane, 1997; Cebra, 1999; Metges, 2000; Shanahan 2002; Begley et al., 2005; O'Hara et al., 2006; Wei and Brent, 2006; Yang et al., 2009) . Previous studies have shown that GI microbiota is host-specific and GI tract region-specific (Zoetendal et al., 2004; Rajilic-Stojanovic et al., 2009; Jalanka-Tuovinen et al., 2011) , aberrant in composition and stability in patients suffering from GI disorders such as Crohn's disease (Seksik et al., 2003) , and associated to host energy homeostasis (Backhed et al., 2004; Ley et al., 2006; Turnbaugh et al., 2006; Backhed et al., 2007; Samuel et al., 2008) . Analysis of global fecal microbiomes introduced the concept that human GI microbiota appeared to have three distinct structural biometypes called enterotypes (Arumugam et al., 2011) . Although the enterotype distinction did not appear to be correlated to health status or host demography, recent 16S rRNA-based studies by Wu et al. (2011) and by Huse et al. (2012) suggest that the distinctive biomes among the human GI microbiota appear to be more like a continuum with gradients of the main enterotype driving taxa, which could be driven by long-term dietary habits.
Human energy homeostasis varies greatly between persons but monozygotic (MZ) twins show more resemblance in the variations of their energy balance (Bouchard et al., 1990) . Furthermore, current literature putatively links a large number of human genes to variations in body mass index (BMI). Recruitment of MZ twins discordant for BMI in studies exploring human transcript profiles has revealed several potential obesity marker-genes (Naukkarinen et al., 2010) and potential (mitochondrial) pathways that are associated with major BMI increases (Pietilainen et al., 2008) . However, the identified human genes account for a relatively small amount of the observed variance in energy homeostasis (Saris and Tarnopolsky, 2003; Heid et al., 2011) . Recent findings suggest that the GI microbiota is important for the energy and metabolic homeostasis of its host. In mice, clear links have been observed between energy homeostasis and GI microbiota, for instance: the resistance to obesity development of Germ-free mice (Backhed et al., 2007) , stimulation of weight gain by GI tract colonization (Samuel et al., 2008) , interaction between GI microbiota and fatty acid storage mechanisms (Backhed et al., 2004; Backhed et al., 2007) , variations between genetic obese (ob/ob) and lean mice in the relative abundances of the bacterial phyla Bacteroidetes, Firmicutes and Actinobacteria (Ley et al., 2005; Turnbaugh et al., 2006) .
In contrast to the associations found in mice, studies on the relation between human energy homeostasis and GI microbiota have generated conflicting results. Analogous to results obtained in mice, Ley et al. (2006) detected fewer Bacteroidetes and more Firmicutes in obese subjects compared with lean controls . Moreover, this study also revealed that the relative abundances of Bacteroidetes increased while Firmicutes decreased when the subjects decreased their BMI by following either a fat restricted or carbohydrate restricted diet . Although Duncan et al. (2008) confirmed a significant decrease in Firmicutes when subjects followed a low-carbohydrate weight-loss diet (Duncan et al., 2008) , several other human studies did not confirm these differences in Bacteroidetes to Firmicutes (B:F) ratio (Duncan et al., 2008; Zhang et al., 2009; Schwiertz et al., 2010) . Schwiertz et al. (2010) even concluded that relative abundance of Firmicutes was reduced in obese subjects (Schwiertz et al., 2010) , but they also reported that higher levels of SCFAs (short chain fatty acids) were present in fecal material of obese subjects compared with lean controls, possibly suggesting that the amount of SCFAs produced is a more prominent determinant of the BMI status than the phylogenic distributions of the microbiota (Schwiertz et al., 2010) . The conflicting results in these studies may be explained by the heterogeneity among human subjects, with respect to their genotype and lifestyle as well as specificity of an individual's microbiota. Furthermore, these studies have compared subjects on the opposite extremes of the BMI scale (lean and obese), while the microbiota is exposed to fundamentally different 'environmental' factors in both states that go beyond BMI alone, such as diet, host metabolic and hormonal factors (Manson et al., 1995; Stevens et al., 1998) , and low-grade systemic inflammation (Visser et al., 1999) .
Results of mice studies often lead to the hypothesis that the mammalian host-genotype, in particular factors for the immune system phenotype, has a huge impact on the GI microbiota characteristics (Benson et al., 2010) . Genotype, however, is not determined so far for human subjects participating in microbiota studies. Consequently, these human studies do not take the host-genotype into account as a determinant of the phenotype, while the genotype is known to be heterogeneous among modern human populations.
Genotypic influences could be minimized by evaluating phenotypic variations in MZ twins allowing pair-wise comparisons within a fixed genotype. An early study of separately living MZ twins and their marital partners revealed that for cotwins the within-pair microbiota similarity is significantly higher compared with unrelated individuals, while the microbiota similarity for married couples is not significantly higher compared with unrelated individuals (Zoetendal et al., 2001) . Similar observations were reported in later studies (Stewart et al., 2005; Turnbaugh et al., 2009) . Furthermore, differences in GI microbiota could be related to disease phenotype by comparing MZ twin pairs concordant and discordant for inflammatory bowel diseases (Dicksved et al., 2008; Willing et al., 2010; Lepage et al., 2011) . A study by Turnbaugh et al. (2009) on a cohort of obese and lean adult females, MZ and dizygotic twin pairs, demonstrated that the microbiota in obese pairs was reduced in bacterial diversity and contains an altered representation of bacterial genes and metabolic pathways compared with lean pairs (Turnbaugh et al., 2009 ). This study, however, only included twins with concordant phenotypes in terms of BMI, again making both host genetics and absolute BMI values confounding variables between the groups of subjects. To identify specifically microbiota signatures of BMI, we compared the microbiota composition in MZ twin pairs that are concordant and discordant in BMI. This enabled us to achieve our main objective, which was to define microbiota signatures that correlate directly with BMI differences independent of the host genotype and absolute BMI values.
Materials and methods
Subjects, sample size and sampling This study was approved by the METC of Wageningen University. A selection of MZ twin pairs was contacted from the East Flanders Prospective Twin Study, which presently has over 7.000 twins. Subjects who used medication that may affect the GI microbiota, prebiotics or probiotics within 1 month before sampling were excluded. Subjects with pre-existing bowel diseases and subjects that were pregnant or breast feeding were excluded as well. Since there are no previous HITChip studies on MZ twins, the power calculation was based on intra-individual microbiota variation observed in healthy subjects (Jalanka-Tuovinen et al., 2011), which we expect to be close to that within paired MZ twin microbiotas. Based on the expectation that we will have at least a proportional difference of 0.18 (s.d. 0.04), we calculated that 19 pairs per group would suffice to address our objective (assuming a ¼ 0.05 and power 1 À b ¼ 0.20). Therefore, our cohort consisted of 20 twin pairs of varying genders and ages (418 years) that were previously recorded to have a BMI difference of more than 5, and 20 ageand gender-matched control MZ twin pairs with no significant difference in BMI. Subjects were able to understand the written study information and signed an informed consent. Fecal samplings, bodyweight and length measurements were collected from these volunteers (Supplementary Table S1 ). Furthermore, the volunteers filled in a questionnaire concerning changes in their dietary habits, medication and GI symptoms of the last 4 weeks prior to sampling (Supplementary Table S1 ). Fecal samples were collected at the volunteers home, frozen immediately, and transported on dry ice to the laboratory where they were kept at À 801 until further analysis.
Twin pair classification into BMI phenotypes
No subjects were underweight (BMIo18.5). Only two twin pairs and one sibling of a third pair were obese (BMI430). To define which twin pairs were discordant in terms of weight maintenance the recommendation by Stevens et al. (2006) was used (Stevens et al., 2006) , which in a maximum BMI difference for within-pair concordance of 1.35 kg m À 2 and a minimum BMI difference for within-pair discordance of 2.7 kg m À 2 (for details see SI Materials and methods). This definition ensures that twins classified as discordant truly have different phenotypes. Discordant twins were subdivided into two groups based on their relative weight compared with their own sibling. This resulted in a 'lower BMI' group for the leaner siblings and a 'higher BMI' group for the heavier siblings. At the moments of sampling 18 pairs were discordant, 16 were concordant and 6 occupied the gray area between our definitions of concordance and discordance (indistinct twins).
DNA extraction, microarray hybridization and data extraction DNA was extracted utilizing the repeated bead beating protocol (Salonen et al., 2010) . Fecal microbial diversity and composition was studied in detail using the Human Intestinal Tract chip (HITChip) as described previously (Rajilic-Stojanovic et al., 2009) (for further details see SI Materials and methods). This phylogenetic microarray has been shown to be a powerful tool for deep GI tract microbiota composition analysis and has been benchmarked against several classical 16S rRNA gene-based methodologies, such as qPCR, fluorescence in situ hybridization and 454 pyrosequencing (Booijink et al., 2007; Claesson et al., 2009; Rajilic-Stojanovic et al., 2009; van den Bogert et al., 2011) as well as metagenomics (Arumugam et al., 2011) . HITChip probes are assigned to three phylogenetic levels: level 1, defined as order-like 16S rRNA gene sequence groups; level 2, defined as genus-like 16S rRNA gene sequence groups (sequence similarity 490%); and level 3, phylotype-like 16S rRNA gene sequence groups (sequence similarity 498%) (Rajilic-Stojanovic et al., 2009).
Organic acid and SCFA concentration measurement To determine metabolic profiles, fecal samples were diluted in deionized water to a 10% (w/v) concentration and subsequent high-performance liquid chromatography (HPLC) analysis was performed as described previously (Stams et al., 1993) to determine citrate, malate, succinate, lacate, fumarate, formate, acetate, propionate, iso-butrate, butyrate and valerate concentrations. The HPLC system was equipped with a Shodex S1821 column and temperature was set to 70 1C.
Data analysis and statistical methods
For the total microbiota normalized signal values of all unique HITChip probes were used to calculate Simpson's Diversity index for each sample and the Spearman's correlation coefficient between different samples. Unique probe signal values per level 1 and per level 2 group (with 420 probes) group were used to calculate diversity and similarities for the groups of each phylogenetic level separately. Spearman's correlation coefficients between random unrelated subjects within this cohort were compared with Spearman's correlation coefficients within twin pairs by a Student's t-test with unequal groups.
For each sample, relative abundances were calculated for the groups of each specificity level by summing all signal values of the probes targeting a group and dividing by the total of all probe signals for the corresponding sample.
All comparisons between the discordant twin groups were pair-wise and significance were assessed with dependent two-group Wilcoxon signed rank tests. For all statistical tests that were performed on multiple parameters, the obtained P-values were adjusted by a Bonferroni correction. All P-values noted in text are adjusted P-values with Po0.05 being regarded as significant.
Results

MZ twins have highly similar microbiotas
A host-genotype controlled setup for this study was realized by recruiting MZ twins. Twin pairs enrolled in this study were contacted from the East Flanders Prospective Twin Study (Flanders, Belgium) (Derom et al., 2006) . A total of 40 MZ twin pairs volunteered to donate fecal material from which DNA was extracted for microbiota composition analysis with phylogenetic microarray the HITChip (RajilicStojanovic et al., 2009) . This twin cohort consisted of 11 male pairs (age 19-43 years, BMI 18.5-34.7 kg m À 2 ) and 29 female pairs (age 20-43 years, BMI 20.2-34.7 kg m À 2 ). This selection consisted of 20 twin pairs of varying genders and ages that were previously recorded to have a BMI difference of more than 5 units (Supplementary Table S1 ). In addition, 20 age-and gender-matched control twin pairs with no significant difference in BMI were selected from the twin cohort (Supplementary Table S1 ).
Similarity of the HITChip profiles between all subjects was calculated to determine the influence of the human genotype influence on the GI microbiota composition. Both, co-twins concordant (DBMI o1.35, n ¼ 16) and discordant (DBMI 42.7, n ¼ 18) for BMI showed a significantly higher similarity of their GI microbiota profile compared with randompaired subjects (Po0.001, Figure 1a ). Similarity coefficients between co-twins did not significantly correlate to age or the length of time that the twins had been living separately, corroborating the previously reported impact of the host-genotypic factors on the microbiota composition (Zoetendal et al., 2001; Stewart et al., 2005; Turnbaugh et al., 2009) .
To determine which microbial groups contributed the most to the high within-pair similarity, similarity indices between all subjects were calculated for all microbial subgroups. These subgroups can be defined at different phylogenetic levels as described previously (Rajilic-Stojanovic et al., 2009) . Within-pair microbiota profile similarity of each phylogenetic subgroup was higher compared with random-paired subjects (Supplementary Figures S1 and S2), although this difference was not significant for every subgroup. The co-twins showed a significantly higher within-pair similarity compared with random-paired subjects for 12 order-like (level 1) and 35 genus-like (level 2) groups (Figures 1b and c) . Figure 1 GI microbiota similarity in MZ twins. (a) Box-whisker plots of total microbiota profile similarity. Spearman's correlation coefficient was calculated for random unrelated subjects and between MZ twins. Average microbiota similarity between twins concordant for BMI and twins discordant for BMI are both significantly higher than between unrelated subjects (P ¼ 1 e À 4, P ¼ 1 e À 7, respectively). Dot-plots are shown of the mean order-like (b) similarity and the mean genus-like (c) similarity between random-paired subjects and MZ twins. Order-like and genus-like groups that were significantly different in similarity index are presented. The similarity indices of all order-like and genus-like groups are represented in Supplementary Figures S1 and S2, respectively. Mean within-pair Spearman's correlation coefficient values (depicted with black dots) and are relative to the mean Spearman's correlation coefficient values of random unrelated subjects within this cohort (depicted with open squares), for each phylogenetic group. Order-like and genus-like groups depicted in bold have within-pair similarities that are significantly higher than the total microbiota similarity. The plot-labels describe the actual mean Spearman's correlation coefficient value (unrelated subjects/MZ twins). Error bars represent 95% confidence intervals around the respective mean values. Asterisks indicate the level of significance of the corrected P-value: *Po0.05, **Po0.01, ***Po0.001.
Moreover, for Clostridium clusters XI and XIVa and for 27 genus-like groups the within-pair similarities were even significantly higher than the total microbiota similarity (Figures 1b and c ; Supplementary  Table S2) . A high similarity index within a bacterial group means that the probe signals occur in (nearly) the same ratios relatively to one another, implying that the presence and ratios of specific bacteria belonging to certain groups are highly conserved between the subjects. Hence, these structurally conserved bacterial groups within MZ twin pairs acknowledge the existence of a structural core in the human GI microbiota, which correlates with host genetics and shared (early life) environmental exposures and therefore can be considered as 'imprinted structural cores'.
Next to an imprinted structural core the existence of a general core based on phylotype abundance was investigated. For HITChip data phylotype-like groups are defined as 16S rRNA gene groups with a sequence similarity of 498%. Above the array, background-specific signals of 96 phylotype-like were found in all subjects (100% prevalence). These phylotype-like groups, which comprise the general core in this twin cohort, are shown in Supplementary Table S3 and Supplementary Figure S3 . In this twin cohort, the general core accounts on average for 34.7% (s.d. 12.8%) of the total microbiota. However, the abundance of this general core varies greatly between the subjects (from 10.6% for subject 10A to 81.5% for subject 26A), indicating enormous subject specificity at phylotype level in the GI tract.
Clostridium cluster IV is less diverse in higher BMI sibling group To evaluate if microbial groups are associated to BMI and host genetic traits, microbiota composition was compared between twins that are concordant and discordant for BMI. At the moment of sampling, the BMI difference for 15 of the selected discordant twins was less than the 5 units recorded previously. Six twin pairs were between the DBMI thresholds used to determine concordance and discordance (1.354DBMI 42.7) and were not taken into account. Each discordant twin pair was split up into two groups: the sibling with the lowest BMI of each pair was placed in the 'lower BMI siblings' group and the sibling with the highest BMI of each pair was placed in the 'higher BMI siblings' group. At the highest phylogenetic levels, no differences were observed between the two discordant twin pair groups. No consistent Bacteroides:Firmicutes (B:F) ratio differences were observed in pair-wise comparison of lower-and higher-BMI siblings (Supplementary Figure S4) . Similarly, B:F ratios did not correlate with absolute BMI values. Moreover, these pair-wise comparisons did not reveal consistent differences between the total microbial diversity (inverse Simpson's index of diversity), which appeared to be hugely variable and between pairs the diversity differences ranged from 1.8 (twin pair 2; Supplementary Table S1) to 149.0 (twin pair 30; Supplementary Table S1 ). This variability indicates that the total microbiota diversity does not relate to the phenotypic differences in this twin cohort.
However, diversity at order-like (level 1) groups indicated that Clostridium cluster IV was significantly lower in diversity in the higher BMI siblings group (P ¼ 0.012), indicating that Clostridium cluster IV diversity decreases when BMI increases, independent of the absolute BMI value of the lower-BMI sibling (Figure 2a) . Overall, the diversity of Clostridium cluster IV in the lower BMI siblings group is more comparable to the control group than the diversity in the higher BMI group.
BMI phenotype correlates with signatures in genus-like microbial groups
To determine if quantitative differences in microbiota composition were consistently different between the higher BMI siblings and the lower BMI siblings groups given an identical genetic background, relative abundances of specific microbial groups were compared and contrasted. This revealed that the genus-like (level 2) groups Eubacterium ventriosum et rel. and Roseburia intestinalis et rel. were significantly more abundant in the higher BMI siblings (P ¼ 0.014 and P ¼ 0.003, respectively; Figure 2b ), while and Oscillospira guillermondii et rel. was significantly more abundant different in the lower BMI siblings (P ¼ 0.014; Figure 2b ). These three genus-like (level 2) groups seem to co-occur in two distinct ecological networks with several other genus-like groups in all subjects when using a Spearman's correlation coefficient cutoff of 40.6 and o À 0.6 (Figure 2c ). Such ecological networks may visualize potential cooperation (mutualism or commensalism) and competition between the microbial groups. The first network, which is enriched in lower BMI sibling group, is centered around Oscillospira guillermondii et rel. and contains three other genus-like (level 2) groups which encompass isolates associated with degradation of plant material: Clostridium cellulosi et rel. Yanling et al. (1991) (1996) . Therefore, this network seems to be specialized in degradation of complex fibers, marking this network as a primary degrader network. Degradation of complex fibers can yield fermentation products, such as partially degraded oligosaccharides, acetate and lactate, which in turn can be used as substrates for those butyrate producers that act like scavengers (Pryde et al., 2002) . The second network, which is enriched in the higher BMI sibling group, includes Eubacterium ventriosum et rel. and Roseburia intestinalis et rel. which both contain known butyrate producing isolates capable of degrading fibers themselves (Barcenilla et al., 2000; Duncan et al., 2002) . Furthermore, this network also includes Eubacterium rectale et rel. which is another group with known butyrate producers. Therefore, the second network seems to be a butyrate producing network.
SCFA profiles show within-pair differences in discordant twins
Since both discordant siblings were found to be enriched in different fermentation networks, metabolic profiling was performed to confirm if these differences were visible in the fermentation products of these sibling groups as well. Although several organic acids were not detected in this cohort (that is, citrate, lactate, fumarate and formate), acetate, propionate and butyrate were the most dominating metabolites in both groups. From all detected organic compounds only butyrate and valerate were present at significantly higher concentrations in higher BMI siblings compared with their lower BMI siblings (Table 1) , which is in line with the predicted networks (Figure 2c ).
Discussion
The human GI microbiota and its relation to differences in BMI was investigated in a host-genotype controlled setup by analyzing fecal samples of MZ twins. The cohort was comprised of MZ twins discordant and concordant for BMI, allowing us to assess the influence of BMI differences independent of the absolute BMI value of the twins. With this MZ twin control study, we were also able to control for gender, age, birth weight and other prenatal and postnatal exposures shared by the co-twins. Furthermore, with 80 subjects containing 40 different human genotypes, this cohort allowed to assess more generic topics such as the human GI microbiota core.
Due to this variety of core definitions and molecular techniques employed in current Oscillospira guillermondii et rel.
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Roseburia intestinalis et rel. literature, no consensus on a general human GI microbial core has emerged (Hamady and Knight, 2009; Tap et al., 2009; Turnbaugh et al., 2009; Qin et al., 2010; Claesson et al., 2011; Jalanka-Tuovinen et al., 2011; Salonen et al., 2012) . In our cohort we could define a general core microbiota of 96 phylotype-like groups prevalent in all subjects that accounts for 34.7% of the total microbiota (s.d. 12.8%). However, in line with recent observations (Salonen et al., 2012) , this general core is very dependent on detection threshold and furthermore highly subject specific, as even the most prominent phylotype-like groups comprised only 0.1-0.22% of the total microbiota in some subjects. Our assessment of a general phylogenetic GI microbiota core agrees with various previous studies; however, Turnbaugh et al. and Tap et al. did not find a common microbial core (Tap et al., 2009; Turnbaugh et al., 2009) . Notably Turnbaugh et al. (2009) used a higher relative abundance threshold than we used here, that is, 0.5% (Turnbaugh et al., 2009) . Although Tap et al. (2009) defined a phylogenetic core that accounted for 35.8% of the total sequences from their cohort (Tap et al., 2009) , their core definition only accounts for 8.1% of the total signals in our twin cohort. Next to methodology and the actual core definitions, the high subject specificity of core phylotypes complicates assessment of the general GI microbiota core. In contrast to a general genotype independent core based on phylotype abundance, a genotype-dependent structural core (at higher phylogenetic levels) was much more pronounced in our data set. This study demonstrates that the human genotype and possibly early life stimuli exhibit a strong influence on the GI microbiota structural composition and extends earlier findings on twins and their relatively high degree of inter-pair microbiota similarity (Van de Merwe et al., 1983; Zoetendal et al., 2001) . Host metadata (Supplementary Table S1 ) revealed no factors that significantly influenced the microbiota profile similarity. Yet MZ twins have GI microbiota profiles that are more similar to each other than to random unrelated subjects, despite the fact that half of them is discordant in terms of BMI (Figure 1a) . Within-pair microbiota similarity was not equally represented over the phylogenetic subgroups (Supplementary Figures S1 and S2) . From different phyla, several subgroups displayed within-pair profiles which where conserved among MZ twin pairs (Figures 1b and c; Supplementary Table S2) . Interestingly, most of the conserved phylogenetic subgroups are significantly higher compared with the total within-pair microbiota similarity. Several other genus-like groups were found to be very dissimilar compared with the total microbiota similarity, which include some facultative anaerobes that are known to be fastidious (Supplementary Figure S2) . Although this could suggest that these groups likely respond quickly to changing conditions, this remains speculative. The conserved profiles do not necessarily mean that the corresponding groups are present at similar abundance levels, for instance, Roseburia intestinalis et rel. and Eubacterium ventriosum et rel. are less abundant in the lower BMI siblings compared with their higher BMI siblings (Figure 2b) . Similarities of the conserved genus-like groups were independent of host phenotype (BMI related or otherwise). Therefore, the human microbiota appears to have an imprinted structural core. Some of the microbial groups of the imprinted structural core are more strongly genotype dependent, like Clostridium ramosum et rel., Escherichia coli et rel., Eggerthella lenta et rel., and genus-like groups of Fusobacteria and uncultured Clostridiales, as their within-pair similarity is at least 10% higher compared with random-paired subjects. From the imprinted structural core Clostridium nexile et rel., Ruminococcus gnaves et rel. and Streptococcus bovis et rel. have the highest within-pair similarity (40.9 Spearman's correlation coefficient) but they are also highly similar in random-paired subjects. The existence of an imprinted structural core strengthens and extends earlier studies which link human genotype to GI microbiota composition (Van de Merwe et al., 1983; Zoetendal et al., 2001) . Moreover, scientific findings have not yet established the exact potency of early life epigenetic imprinting on adult human beings. MZ co-twins have likely experienced the same stimuli and conditions during early life. Whether or not early life dietary influences are important, next to the host-genotype, for GI microbiota composition and the imprinted structural core remains an outstanding question. By design, this study circumvents early life influences by pair-wise analyses between co-twins with an identical genetic background.
Remarkably, approximately half of the genera that are structurally conserved within MZ twin pairs were previously reported to be driving genera for the classification of the three enterotypes (Arumugam et al., 2011) . Although enterotypes are classifications based on microbial abundance levels (Arumugam et al., 2011) while the imprinted structural core members are not necessarily highly abundant in every subject, it is noteworthy that we observed a significant overlap between bacterial groups that are important for enterotype classification and the imprinted structural core. Finding these particular members to be part of the imprinted structural core adds to the debate on the classification of the GI microbiota structure, that is, whether the GI microbiota can truly be classified into distinct types (enterotypes) or if the GI microbiota should be regarded as a 'state' (a part of a continuum). Our data indicate that the imprinted structural core harbors the capacity to form each enterotype (Supplementary Table S2 ), thereby favoring the previous observations that enterotypes can best be seen as distinct states, rather than distinct types. This finding deserves more attention in longitudinal dietary studies, especially since drivers from all three enterotypes are found to be structurally conserved per genotype and not just the drivers of one of the proposed enterotypes.
In previously reported studies, human genotype and phenotype could not be distinguished when reporting on the GI microbiota of lean and obese individuals. High expectations are raised in current literature about the role of GI microbiota on host energy homeostasis and weight control. This may not be justified given the fact that in this twin population with an identical genetic background discordance for BMI did not relate to spectacular differences in GI microbiota composition. It appears to be unlikely for genetically identical people to diverge in BMI as much as the subjects in crosssectional studies on high and low BMI. Moreover, extreme differences in BMI and drastic weight-loss regimes are accompanied by many other potential confounding factors, such as (extreme) changes in diet, host physiology, host health status and change of physical activity and their consequences on the overall host metabolism. Our study design enabled the elimination of genotype influences, by pair-wise comparison of MZ twins with discordant BMIs independent of absolute BMI values. This allowed us to strongly corroborate the influence of the hostgenotype on the GI microbiota structure, but this also unveiled specific microbiota differences associated to host phenotype.
In our twin cohort, no trend between BMI differences and total microbiota diversity or B:F ratio was detected, which agrees with the findings reported by Duncan et al. (2008) . At lower phylogenetic levels, however, microbial differences related to differences in BMI phenotype were detected. A consistent pair-wise difference in diversity within the discordant twin pairs can be found for Clostridium cluster IV. Our results indicate that this group is associated with phenotypic changes in BMI, decreasing in diversity as BMI increases. Furthermore, from this Clostridium cluster we found the relatives of the long known, yet uncultivated Oscillospira guillermondii to be significantly higher in the lower BMI siblings. Interestingly, previous findings link low Clostridium cluster IV diversity to Crohn's disease (Manichanh et al., 2006) . Therefore, it appears that Clostridium cluster IV diversity can be affected by systemic changes of the host phenotype. Moreover, depletion of several members of Clostridium cluster IV, in our case Oscillospira guillermondii et rel., is associated with phenotypic changes.
Members of the morphologically distinct genus Oscillospira are frequently seen in cattle and sheep rumen. Several Oscillospira species react to the diets of their host, increasing strongly when the hosts are feeding on fresh green fields (Mackie et al., 2003) . It is likely that these organisms are adapted to degrade the fibers of young plants. Hence the plant fiber content in human diet might also influence the presence and abundance of Oscillospira species. Without further knowledge on the metabolism of Oscillospira guillermondii et rel. it is hard to elucidate the extent of their role in the host energy homeostasis. Possibly, the presence of Oscillospira species has an impact on the metabolism of nutritional fibers. In line with this hypothesis, is the finding of three other genus-like (level 2) groups that co-occur with Oscillospira guillermondii et rel. (Figure 2c ) which have isolates associated with degradation of plant material: Clostridium cellulosi (Yanling et al., 1991) , Ruminococcus bromii (Klieve et al., 2007; Kovatcheva-Datchary et al., 2009) and Sporobacter termitidis (Grech-Mora et al., 1996) . It seems that the co-occurrence network of Oscillospira guillermondii et rel. is specialized in fermenting complex (plant) materials. Fermentation products from such a primary degrader network can be used by scavenging butyrate producing bacteria (Pryde et al., 2002) .
Both the Eubacterium ventriosum et rel. and Roseburia intestinalis et rel. groups were significantly higher in the higher BMI siblings compared with their corresponding lower BMI siblings. Cultured isolates belonging to these two taxonomic groups are known butyrate producers (Barcenilla et al., 2000; Duncan et al., 2002) . However, other results from the HITChip data did not reveal additional differences in butyrate production (potential), as based on similar levels of other butyrate-producing organisms in the discordant twins. Analogously, the co-occurrence network of the Eubacterium ventriosum et rel. and Roseburia intestinalis et rel. (Figure 2c ) did not include other potential butyrate producing organisms that are detected by HITChip, such as: Butyrivibrio crossotus et rel., Coprococcus eutactus et rel., Eubacterium hallii et rel., Faecalibacterium prausnitzii et rel., Megasphaera elsdenii et rel. or Mitsuokella multiacida et rel. Moreover, Roseburia intestinalis et rel. was negatively correlated with Anaerovorax odorimutans et rel., which has a representative isolate capable of butyrate production as well (Matthies et al., 2000) .
In contrast to the primary degrader network of Oscillospira guillermondii et rel., the network of Eubacterium ventriosum et rel. and Roseburia intestinalis et rel. is composed of butyrate producers that are likely able to degrade complex material on their own. We hypothesize that host BMI increase is accompanied by GI microbiota changes and therefore a metabolic shift in butyrate production structure inside the colon: from mainly scavenging fermentation products produced by primary degraders to produce butyrate to mainly fermenting fibers directly into butyrate. Such a metabolic shift is likely to alter the net energy production by the GI microbiota and subsequently affect host energy harvest. This hypothesis is strengthened by finding significantly more butyrate in the fecal content of the higher BMI siblings, which are enriched for the butyrate producing network, compared with their lower BMI co-twins. Moreover, more valerate is found in the higher BMI siblings as well. Valerate can be formed by fermentation of the amino-acid proline (Amos et al., 1971) , which could indicate two (not mutually exclusive) possibilities: (1) no carbohydrates are left for a part of the microbial community, forcing this part to switch to amino-acid fermentation; (2) the microbial community is more efficient in utilizing different types of (polymer) nutrients. Hence, the valerate results are in line with the network predictions in both discordant sibling groups and add to our hypothesis on the net energy production by the GI microbiota. However, from our data it is not possible to determine causality. If primary degraders outcompete the butyrate producers that are capable of degrading fibers, then subjects with lower BMI may only have scavenging butyrate producers left due to a diet rich in complex fibers. This is in line with the observation that a higher intake of fiber leads to lower levels of BMI. On the other hand, subjects with lower BMI could have much less butyrate producers, scavenging or otherwise, to begin with and therefore these subjects do not possess a microbiota that can harvest all available energy from the diet. Furthermore, the higher BMI siblings could also have consumed more protein and therefore show the increase in valerate. Therefore, more information on dietary intake and fermentation products in the GI tract is needed to further elucidate the mechanism between GI microbiota and host energy harvest.
Overall, this study revealed the existence of an imprinted structural core, to which several enterotype drivers belong, in the human GI microbiota and that BMI-phenotypic signatures are observed that can be related to energy harvest potential. However, the results are not such that a clear weight regulatory effect can be explained. Nonetheless, we have shown that different microbial networks are associated to changes in BMI. A network of primary degraders was more prominent in subjects with lower BMI, while a network of butyrate fermenters was more prominent in subjects with higher BMI. Our data suggest that primary degraders, not capable of producing butyrate, could play a more important role in energy homeostasis than initially expected. Previous studies on obesity have mostly compared cross-sectional the microbiota of lean and obese people and reported contradicting results. Besides the differences in host-genotypes in these studies, the subject are at different ends of the BMI scale, that is, the lean and obese 'states'. Here, we studied genetically identical human hosts and assessed BMI differences independent of the lean or obese characteristic of the individuals, enabling the detection of BMI-phenotype signatures in the GI microbiota. Known genetic background, or minimizing its influence in studies like this, will be pivotal in the deciphering of the effects of GI microbiota on mechanisms underlying phenotypic traits of the host, such as changes in BMI as reported here.
